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In this work, we report a case of episodic sitewise positive selection acting on the highly conserved
SRP protein Ffh in Actinobacteria. An elevated non-synonymous to synonymous mutation ratio (x)
was observed along the non-terminal branches of the species tree, which contained 11 Actinobacte-
ria species, where positively selected residues were frequently observed within the signal sequence-
binding domain. Together with the estimated lineage-speciﬁc x ratios for several core components
in the major protein translocation systems, our data suggest that this positive selection might be
partially driven by the diversiﬁcation of signal sequences.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction and carbon cycle. They live in common soil, fresh water, marinePositive Darwinian selection, i.e., ﬁxation of advantageous
mutations driven by natural selection, is an important source of
innovation for new gene functions [1]. For protein coding se-
quences, an effective approach to detect positive selection is to
contrast the rates at which synonymous mutations (silent substi-
tutions, dS) and non-synonymous mutations (replacement substi-
tutions, dN) are ﬁxed. Let the ratio of dN/dS be noted as x. x < 1,
x = 1, and x > 1 represents negative (purifying) selection, neutral
evolution, and positive (adaptive) selection, respectively. Recent
advances in statistical phylogenetics have introduced tools to de-
tect selections acting on speciﬁc lineages and/or individual resi-
dues [2]. The codeml program in the phylogenetic analysis by
maximum likelihood (PAML) package was frequently used. The
strength of codeml is its collection of sophisticated codon substitu-
tion models. However, its algorithms to infer phylogenetic trees
are primitive. A reliable tree topology often needs to be obtained
by other approaches for codeml analyses. In addition, several fac-
tors, such as recombination [3] and saturation of synonymous
mutations [4], are known to bias its results toward positive
selection.
Actinobacteria are a group of Gram-positive bacteria with high
GC content, playing an important part in organic matter turnoverchemical Societies. Published by E
@zju.edu.cn (X. Chen).water, as well as inhabit plants and animals. Actinobacteria are
well known as secondary metabolite producers and some of them
are known to have very complex extracellular biology [5]. Behind
their intricate interactions with the environment, there are a large
number of proteins to be translocated. For instance, the genome of
Streptomyces coelicolor encodes an extraordinary 819 predicted se-
creted proteins [6], and contains a plethora of surface-located sig-
nal transduction systems, including 50 ‘‘extracytoplasmic
function” r factors (compared with 1 in Escherichia coli K-12),
50–100 two-component systems, and several tens of serine–threo-
nine protein kinases [5].
The signal recognition particle (SRP) mediated protein translo-
cation pathway is universal and highly conserved in all kingdoms
of life. Here we describe a case of episodic sitewise positive selec-
tion acting on the SRP protein Ffh in Actinobacteria. Based on max-
imum likelihood estimation of the residue- and lineage-speciﬁc x
ratios, we showed that Ffh displayed an elevated x ratio along the
non-terminal branches of the species tree, which contained 11
Actinobacteria species, where positively selected residues were
frequently observed within the signal sequence-binding domain.
2. Materials and methods
Eleven Actinobacteria species with fully sequenced genomes in
the comprehensive microbial resource (CMR) [7] were analyzed,
i.e., Biﬁdobacterium longum NCC2705, Corynebacterium glutamicum
ATCC 13032 Bielefeld, Frankia sp. CcI3, Leifsonia xyli CTCB07, Myco-lsevier B.V. All rights reserved.
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acnes KPA171202, Rubrobacter xylanophilus DSM 9941, S. coelicolor
A3(2), Thermobiﬁda fusca YX, and Tropheryma whipplei str. Twist.
For each genome, the Ffh protein sequence and the corresponding
gene coding sequence (CDS) were manually extracted. The protein
sequences were aligned and then back translated to codon align-
ment according to the CDSs. The protein sequence and codon se-
quence alignments are provided in Supplementary data (detailed
in Supplementary text).
The codeml program in the PAML package (v4.3) [2] was used to
estimate the site and/or lineage-speciﬁcx ratios. When calculating
the lineage-speciﬁc ratios (ﬁtting ‘‘branch models”), it has to be de-
ﬁned a priori how many different x ratios are expected and which
x ratio is associated with each branch. This information needs to
be provided to codeml in the form of a labeled phylogenetic tree.
In the case of two x ratios, we implemented a random-start hill-
climbing algorithm to optimize the label assignment (0 or 1) for
each branch. A detailed description of the algorithm is provided
in Supplementary text. The ‘‘branch-site models” were used to de-
tect positively selected sites along the branches showing elevated
x ratios. The ‘‘branch-site test of positive selection” recommended
by PAML was conducted. Sites under episodic positive selection
were identiﬁed by the Bayes Empirical Bayes (BEB) approach [2].
3. Results and discussion
The phylogenetic relationship of the 11 Actinobacteria species
analyzed in this work was published [8] based on the genomic pro-
ﬁles of the Actinobacteria-speciﬁc signature proteins. This species
tree was largely consistent with the previously reported 16S RNA
tree [9], the sole small difference being the placement of P. acnes
(Fig. 1).
As detailed in Supplementary text (Section 3), the lineage-spe-
ciﬁc x ratios for Ffh were estimated using both the signature pro-
teins tree topology and the 16S RNA tree topology. Despite the
small topological difference, our analyses based on both tree topol-
ogies corroborated the conclusion that Ffh displayed an elevatedx
ratio along the non-terminal branches. In both trees, some termi-
nal branches were estimated to have a very low x ratio
(0.015); other terminal branches were estimated to have a higher
but still small x ratio (0.06), whereas the non-terminal branches
were estimated to have a markedly elevated x ratio (0.40). How-
ever, as this x is less than 1, it is not high enough to justify for the
existence of positive selection.Fig. 1. The unscaled species tree of the 11 analyzed Actinobacteria species. The
labeled trees (trees A–G) used for evaluating evolution patterns are shown in Fig. S1
in Supplemental text.Branch models averaged x ratios over all sites (residues) in a
protein when calculating lineage-speciﬁc x ratios. The Ffh protein
includes three domains (N, G, and M domains), two of which (N
and G) are highly conserved [10]. Therefore, it is tempting to
hypothesize that the observed elevation of x ratios along the
non-terminal branches may result from positive selection acting
on the less conserved M domain.
The branch-site models were used to evaluate this hypothesis,
which allowed x to vary both among sites in the protein and
across branches on the tree. As detailed in Supplementary text
(Section 4), using the ‘‘branch-site test of positive selection”, the
positively selected sites along the non-terminal branches were de-
tected with statistical signiﬁcance (P < 0.006 using both tree topol-
ogies). The x ratios estimated for the sites under positive selection
along the non-terminal branches, using both tree topologies, were
>2.54, which are large enough to indicate an episodic sitewise po-
sitive selection. These sites were identiﬁed by the Bayes Empirical
Bayes (BEB) approach [11]. High conﬁdence sites (P > 0.99 esti-
mated using at least one tree topology) are summarized in Table 1
and plotted in Fig. 2.
Sequence divergence derives from both mutation and recombi-
nation. The effects of recombination on the methods for detecting
positive selection have been previously documented [3]. Two pro-
grams were used to examine whether recombination occurred in
our protein alignment. The ﬁrst was GENECONV (Version 1.81a,
2007) [12], which relies on pair-wise comparisons to locate
stretches of sequence pairs that are more similar than what would
be expected by chance. The second program was GARD, a more
sensitive likelihood-based method [13], which identiﬁes potential
recombination breakpoints. Both programs reported no signiﬁcant
evidence for recombination. Therefore, in the worst case, we would
expect only a low level of recombination in our dataset. The posi-
tively selected sites detected by the branch-site models should be
biologically relevant [3].
Saturation of synonymous mutations is also an important issue
when trying to detect adaptive evolution events by the criterion of
x > 1, as saturation can lead to the underestimation of dS and an
inﬂation of the x ratio [4]. The moving window program SWAPSC
[14] was used in an effort to search for sites with saturated synon-
ymous mutations. No saturated sites were located.
As shown in Fig. 2, the positively selected sites were frequently
observed in the M domain of Ffh, speciﬁcally around the signal se-
quence-binding groove. This suggested that the episodic positive
selection observed at these sites might be driven by the require-
ment to adapt constantly changing signal sequences.
We had two hypotheses to explain why signal sequences could
be under diversiﬁcation pressure. Although we did not detect
recombination in our dataset containing sequences from different
species, in large populations of the same species, recombination
can often contribute to sequence divergence [15]. It has been pre-
viously shown that positive selection may operate on secreted vir-
ulence factors and surface antigens [16]. In the presence of
recombination, the selective pressure to mutate N-terminal resi-
dues might be passed on to the nearby signal sequence region,
thereby forcing protein translocation systems to adapt accordingly.
An alternative, but not conﬂicting, hypothesis is that in certain
times, Actinobacteria occupied changing ecological niches in which
the secretion of proteins had to be carefully regulated to adapt to
the environment and ‘‘communicate” with co-existing species. An
extreme example of such adaptation was recently reported in the
root nodule bacteria, which evolved a speciﬁc protein translocation
system to orderly release proteins essential for the establishment
of symbiosis [17]. After the habitats for each subgroup of Actino-
bacteria were relatively ﬁxed, signal sequences stopped to diver-
sify quickly and so did the signal sequence-binding domain of
Table 1
The positively selected sites in Actinobacteria Ffh with BEB probabilities over 0.99.
PAML site B. longum residue E. coli residue P-valuea Domainb Interface toc
224 T293 T243 0.996 G GTP binding pocket
257 G328 K278 0.996 G M, FtsY
271 S342 S292 0.994 G–M linker G, M, N
289 Q360 K310 0.999 M Signal peptided
322 M406 M357 0.992 M Signal peptide
327 E412 N363 0.998 M Signal peptide
342 S430 S382 0.991 M 4.5S RNA
381 E469 D421 1.000 M Signal peptide
a The higher P-value estimated using the signature proteins tree topology or using the 16S RNA tree topology.
b As in the PDB structure 2J28 [21].
c As in the structure model of the SRP protein translocation system [22]. Cutoff = 6 Å.
d Distance = 8 Å.
Fig. 2. The positively selected sites in Table 1. These sites were mapped to E. coli residues and marked on the theoretical model of the SRP protein translocation system as in
[22]. Ffh: cyan; FtsY: green; signal peptide: magenta; 4.5S RNA: orange.
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selection.
Unfortunately, currently there are not sufﬁcient well-character-
ized signal sequences available for the analysis of their divergence
pattern. Therefore, a straightforward demonstration of the connec-
tion between the observed episodic sitewise positive selection on
Ffh and the hypothesized signal sequence diversiﬁcation was not
possible. However, if the observed positive selection were indeed
driven by signal sequence diversiﬁcation, this signal sequence
diversiﬁcation might also affect signal sequence-binding proteins
in other protein translocation systems.
Following the same protocol, lineage-speciﬁc x ratios were
estimated for several core components of the major protein trans-
location systems, i.e., FtsY, SecA, TatA, and TatC, which do not all
bind signal sequences. FtsY is the bacterial SRP receptor protein
which does not directly bind signal sequences [10]. SecA is a
molecular motor that uses ATP to pump peptides out [18]. InE. coli, proteins secreted through the SecA pathway are ﬁrst recog-
nized by the molecular chaperone SecB and are then delivered to
SecA. However, no homolog of SecB could be found in Actinobacte-
ria. Thus far, no crystal structure is available to show how the sig-
nal sequence is recognized by the Tat system. However, there is
biochemical evidence that suggests that TatC, an essential compo-
nent of the Tat system [19], is able to bind signal sequences [20]. In
contrast, although TatA is frequently found in genomes with TatC
[19], a recent study showed that it was not required for signal se-
quence recognition [20]. Based on ortholog mapping, FtsY and SecA
were identiﬁed in all 11 species; TatC was identiﬁed in 10 species;
and TatA was identiﬁed in 9 species. Their protein sequence align-
ments and codon sequence alignments are provided in Supplemen-
tary data.
Remarkably, TatC was found to display a divergence pattern
(elevated x ratios along most non-terminal branches) similar to
that of Ffh (Supplementary text, Section 5). Although we were
3978 X.-L. Shen et al. / FEBS Letters 584 (2010) 3975–3978not able to identify statistically signiﬁcant sites under episodic po-
sitive selection in TatC, the elevated x ratios along most non-ter-
minal branches seemed to suggest that TatC may have somehow
‘‘co-evolved” with Ffh. In contrast, for FtsY, SecA, and TatA, the dis-
tributions of high/low x ratios along the branches did not show
obvious patterns. To sum up, both signal sequence-binding pro-
teins in the SRP system (Ffh) and the Tat system (TatC) displayed
similar divergence patterns. This indirectly supported our hypoth-
esis that the episodic positive selection of Ffh might be partially
driven by signal sequence diversiﬁcation.
It was worth noting that the failure to observe a similar diver-
gence pattern for SecA may indicate its inability to bind signal se-
quences. As mentioned above, no SecB homolog has been identiﬁed
in Actinobacteria to help delivering the proteins to be translocated
to SecA. It remains unclear whether Actinobacteria SecA can di-
rectly recognize signal sequences without helps. In the present
work, our data suggested the existence of other Actinobacteria
genes that perform the signal sequence recognition function of
SecB in E. coli.
4. Conclusions
A case of episodic sitewise positive selection acting on the
highly conserved SRP protein Ffh was reported in Actinobacteria.
At this time, it is not clear whether this episodic positive selection
also acted on Ffh in other groups of bacteria. In addition to the ma-
jor results discussed above, the divergence of the signal sequence-
binding domain of Ffh suggested that, in Actinobacteria, no single
species might serve as a good model to characterize the signal se-
quence speciﬁcities of the protein translocation systems. Signal se-
quence speciﬁcities had to be determined in the species in question
or inferred from closely related species. With more signal sequence
speciﬁcity data in related species, it would become possible to ana-
lyze the history of signal sequence divergence and develop an
understanding of how and why the protein translocation systems
in Actinobacteria evolved to their current forms and contributed
to the establishment of their diverse habitats and complex extra-
cellular biology.
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